Model of stepwise kinetochore specification. The CATD of CENP-A directs centromere propagation through the specific association with the CENP-A assembly factor HJURP, which is recruited to the centromere by Mis18 (not depicted; Barnhart et al, 2011) . Once CENP-A is assembled, CENP-C is recruited via the CENP-A Cterminus and subsequently recruits centromere proteins CENP-K and CENP-N, KMN components, checkpoint proteins CENP-E, ZW10, Mad2, and Rod and microtubules. . CENP-C then provides a physical link between centromeric chromatin and the kinetochore through high affinity binding to the Mis12 complex in humans (Screpanti et al, 2011) . Dissection of the stepwise events that culminate in the assembly of fully functional kinetochores can be hampered by the existence of repetitive DNA sequences underlying centromeric chromatin and by the difficulty in interpreting the effects of depletion of essential proteins on endogenous centromeres. A recent study used ectopic mislocalization to a discrete ectopic chromosomal site to analyse the ability of two key centromere components, CENP-C and CENP-T, to form ectopic kinetochores. Gascoigne et al (2011) showed that ectopically localized CENP-C or CENP-T were sufficient to mediate kinetochore assembly, bypassing the requirement for CENP-A. Ectopic CENP-C and CENP-T recruited subunits of the Knl1-Mis12-Ndc80 complexes (KMN), associated with microtubules and supported segregation of the Z chromosome in chicken DT-40 cells, demonstrating that CENP-C and CENP-T function to direct kinetochore formation in vertebrates. Interestingly, overexpression of CENP-A did not cause ectopic kinetochore formation and only mislocalized a subset of centromeric proteins (Gascoigne et al, 2011) . Although CENP-A is recognized as the key upstream factor required for kinetochore specification, these observations suggest that its presence alone is not sufficient to direct new kinetochore formation on non-centromeric templates in humans. A new article by Guse et al (2011) now re-evaluates CENP-A's ability to initiate kinetochore assembly de novo using a newly developed cell-free experimental approach.
To determine how CENP-A chromatin promotes to kinetochore assembly, Guse et al generated nucleosome arrays in vitro that were designed to mimic the CENP-A arrays present in complex vertebrate centromeres. These arrays utilized 19 repeats of a 147-bp high affinity nucleosome positioning sequence onto which nucleosomes containing either CENP-A, H3 or CENP-A/H3 chimeras were assembled. Magnetic beads coated with these nucleosomal arrays were tested for their ability to recruit centromere and kinetochore components in Xenopus egg extracts. Using quantitative immunofluorescence, the authors demonstrated that CENP-A arrays specifically recruit the centromere proteins CENP-C, CENP-N and CENP-K, and the kinetochore protein Ndc80 in a cell-cycle-independent manner, whereas CENP-T displays equal binding to CENP-A and H3 arrays. The CENP-A arrays not only recapitulated essential steps of centromere formation, but were also able to initiate a spindle attachment checkpoint response, as judged by the presence of the checkpoint proteins CENP-E, Mad2, Rod and ZW10 upon addition of nocodazole, and made stable connections with microtubules. Excitingly, with this pliable system, the authors have created the first in vitro kinetochore and used it to dissect the requirements for kinetochore specification.
To investigate the contributions of different domains of CENP-A in kinetochore assembly, nucleosome arrays containing CENP-A/H3 chimeras were tested for their ability to recruit CENP-C and CENP-K. Strikingly, a chimera of histone H3 with the CENP-A C-terminal tail (H3 CAC ) were equally able to recruit CENP-C and CENP-K in this assay. Interestingly, the H3 CAC chimera was also able to recruit CENP-N, even though CENP-N was previously shown to require the CATD to bind to CENP-A nucleosomes in vitro (Carroll et al, 2009 ). In contrast, the binding of CENP-N to chimeric arrays comprising histone H3 with the CENP-A CATD (H3 CATD ) or CENP-A with the H3 C-terminal tail (CENP-A H3C ) was highly inefficient, indicating that the CENP-A C-terminus is also required for CENP-N association with CENP-A chromatin. Depletion experiments confirmed that in fact CENP-N's ability to bind CENP-A and H3 CAC arrays depended upon the presence of CENP-C, leading to the proposal that CENP-C somehow alters the centromeric chromatin to allow CENP-N binding to CENP-A nucleosomes. Alternatively, the requirements for CENP-N recognition of CENP-A nucleosomes may be different in in vitro binding assays and in the context of these reconstituted centromeres.
Next, Guse et al showed that, as was observed for the CENP-A arrays, H3
CAC arrays efficiently recruited checkpoint proteins, were able to delay exit from mitosis after microtubule depolymerization, and established stable connections with microtubules, whereas H3 CATD and CENP-A H3C could not mediate these functions. These results clearly demonstrate that the CENP-A C-terminus is necessary and sufficient for the assembly of bona fide kinetochores through recruitment of CENP-C and CENP-N.
An H3 CATD chimera was previously shown to support kinetochore function upon CENP-A depletion in HeLa cells (Black et al, 2007) . However, in the light of the study by Guse et al, it is unclear how this occurs given that H3 CATD nucleosomes presumably cannot recruit CENP-C and the KMN components to endogenous centromeres. One possibility is that there is some type of redundancy in vivo whereby recruitment of CENP-C can be maintained even in the absence of the CENP-A C-terminus, albeit transiently. Perhaps such functional compensation is facilitated in the context of pre-existing centromere templates, such as in cells where CENP-A is gradually depleted, through CENP-C dimerization or oligomerization, whereas de novo kinetochore nucleation absolutely requires the CENP-A C-terminus. Guse et al propose that the two domains within CENP-A mediate distinct processes: the CATD specifies the interaction with centromere-specific chaperone HJURP, and therefore the maintenance of centromere identity, whereas the C-terminus mediates kinetochore assembly (Figure 1 ). It will be interesting to determine whether H3 CATD þ CAC nucleosomes will be sufficient to replace endogenous CENP-A in mediating longterm centromere heritability and faithful kinetochore assembly in vivo.
It is worth noting that while CENP-A arrays are sufficient to form functional kinetochores in Xenopus extracts (Guse et al, 2011) , CENP-A overexpression in human cells is not (Van Hooser et al, 2001; Gascoigne et al, 2011) . One possibility is that CENP-A overexpression does not effectively mimic a chromatin template sufficient to support kinetochore assembly whereas continuous CENP-A nucleosomes on an array do. Consistent with this, CENP-A foci generated by the ectopic targeting of HJURP are indeed sufficient to form functional kinetochores (Barnhart et al, 2011) .
Future work will define the role of interspersed H3-containing chromatin and chromatin modifications, which are absent in cell-free assays, in contributing to correct kinetochore geometry, bi-orientation and chromosome segregation. For now, these novel cell-free (Guse et al, 2011) and ectopic targeting approaches (Barnhart et al, 2011; Gascoigne et al, 2011) have provided, and will continue to provide, invaluable mechanistic insights into the incredibly complex nature of centromere and kinetochore specification in vertebrates.
